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(57)  The invention relates to a device (1) for gener-
ating droplets (30) comprising a plurality of channels (20),
wherein each channel (20) extends from an inlet (201)
along a respective longitudinal axis (L) to an outlet (202),
wherein said device (1) comprises a plurality of layers
(10) of a substrate material arranged in a stack (100),
wherein each layer (10) comprises a first side (101) and
a second side (102) facing away from each other, and
wherein said first side (101) of each layer (10) comprises

Fig. 1

DEVICE AND METHOD FOR GENERATING DROPLETS

a plurality of grooves (103), wherein said channels (20)
are formed by said grooves (103) of said first side (101)
of a respective layer (10) of said stack (100) and said
second side (102) of a respective adjacent layer (10) of
said stack (100).

The invention further relates to a method for gener-
ating droplets (30) and a fabrication method of the device
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Description

[0001] The invention relates to a device and a method
for generating droplets of a dispersed phase in a contin-
uous phase, and a fabrication method of the device ac-
cording to the present invention. In particular, the device
is a microfluidic brush emulsifier which operates accord-
ing to the principle of step emulsification, which is also
referred to as microchannel emulsification or edge-based
droplet generation (EDGE) emulsification.

[0002] Monodisperse droplets in the size range from
micrometers to millimeters have applications in the fields
of pharmaceutics, cosmetics, diagnostics, food, and ma-
terial science. In an emulsion, monodispersity increases
stability, allows to tightly control volumes in multiple
chemical or biological reactions and enables the produc-
tion of periodic structures. Microfluidics offers an exqui-
site platform to precisely form monodisperse droplets,
however only small volumes can be produced.

[0003] Conventional microfluidic membranes accord-
ing tothe prior art are built out of a bulk material as starting
material. As a processing step, holes are microdrilled,
lasered, wet-etched or etched by deep reactive ion etch-
ing. Those methods limit the possible sizes and shapes
of the final membrane, since they process the channels
along its final flowing direction.

[0004] These devices of the prior art have the disad-
vantage that due to an inhomogeneous pressure distri-
bution of the dispersed phase at the channel inlets, only
a small percentage of the channels actively produce
droplets, which significantly reduces the efficiency of
emulsification. Thus, it would be desirable to increase
this efficiency, in particular for large-scale industrial ap-
plication of droplet generating devices.

[0005] Furthermore, an emulsification device consist-
ing of a two-dimensional array of parallelized droplet
makers (WO 2014/186440 A2) is known from the prior
art. Such a microfluidic device in two dimensions limits
high throughput production.

[0006] Therefore,the objective of the presentinvention
is to provide a device and/or method for generating drop-
lets which is improved with respect to the above-de-
scribed disadvantages of the prior art, in particular a de-
vice and/or method with increased efficiency of droplet
production.

[0007] This objective is attained by the subject-matter
of the device according to claim 1, the method for gen-
erating droplets according to claim 12, and the fabrication
method according to claim 14. Embodiments of the de-
vice are specified in the dependent claims 2 to 11, an
embodiment of the method for generating droplets is
specified in the dependent claim 13, and an embodiment
of the fabrication method is specified in dependent claim
15. Those and other embodiments are further described
in the following description.

[0008] Afirstaspectof the invention relates to a device
for generating droplets of a dispersed phase in a contin-
uous phase, comprising a plurality of channels, wherein
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each channel comprises an inlet and an outlet, and
wherein each channel extends from the respective inlet
along a respective longitudinal axis to the respective out-
let, so that droplets of a dispersed phase can be gener-
ated in a continuous phase at the outlets when a flow of
the dispersed phase from the inlets to the outlets is pro-
vided and the outlets are in flow connection with a res-
ervoir or conduit containing the continuous phase, where-
in the device comprises a plurality of layers of a substrate
material arranged in a stack, wherein each layer com-
prises a first side and a second side, wherein the first
side faces away from the second side, and wherein the
first side of each layer comprises a plurality of grooves,
wherein the grooves of each first side are covered by a
second side of an adjacent layer, such that the plurality
of channels is formed from the grooves and the second
side of the adjacent layer, wherein the inlets are arranged
on a front side of the stack and the outlets are arranged
on an opposing back side of the stack.

[0009] Thatis, the grooves of a respective layer form
the bottom section of the respective channels, according
to a cross-section which is perpendicular to the respec-
tive longitudinal axis, and the adjacent layer on top of the
respective layer forms a roof section of the channels,
thereby closing the channels in the direction in which the
layers are stacked. The stack may further comprise a top
layer arranged at the top of the stack, wherein the first
side of the top layer has a flat surface, in other words
does not comprise grooves.

[0010] Inparticular, the grooves may be introduced into
the layers by photolithography and etching.

[0011] For example, the layers are flat sheets having
a rectangular cross-section.

[0012] The term ’reservoir’ designates a receptacle in
which a fluid phase, for example the continuous phase
or the dispersed phase, is contained, and the term 'con-
duit’ designates a receptacle in which a flow of a fluid
phase for example the continuous phase or the dispersed
phase, is provided.

[0013] The device according to the present invention
combines precision of droplet formation through step
emulsification with a sufficiently high throughput for in-
dustrial applications.

[0014] In particular, the device according to the inven-
tion can be used as a microfluidic brush emulsifier with
the high ability to parallelize droplet makers in three di-
mensions. Stacking-up individual layers allows for the
implementation of high aspect ratio channels with any
desired geometry. This enables the high-throughput pro-
duction of monodisperse droplets.

[0015] Inthe device according to the presentinvention,
the channels are first generated, particularly etched, on
multiple, individual layers. Constructing the channels
from their side allows for implementing any desired as-
pect ratios, for example an aspect ratio of 80, wherein
the channels are 20 pm wide and 1600 pm long. With
this processing method, it is possible to implement chan-
nels with an aspect ratio of 10000, wherein the channels
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are 6 um wide and 6 cm long. Moreover, channel ge-
ometries can simply be implemented by photolithogra-
phy, allowing for example to build channels with an in-
creasing or decreasing width, with curved or angled ge-
ometries, or with special engineered nozzles or funnels
at their beginning or their end, for example a nozzle at
the outlet and a funnel at the inlet. The high aspect ratios
of the channels allow for an equal pressure distribution
to the droplet makers, resulting in a high efficiency of
droplet production, since almost all channels are actively
producing droplets at the channel outlets. Furthermore,
using the present invention, it is possible build a mem-
brane over multiple tens of centimeters, without affecting
the monodisperse droplet production over the entire
membrane length, for example evenly producing droplets
over an array length of 6 cm.

[0016] The device, which particularly consists of thou-
sands of parallelized step emulsification droplet makers,
is for example produced by soft lithography, etching and
stacking up. The presented methodology, in contrast to
conventional membrane production cycles, allows ob-
taining large aspect ratio channels combined with the
implementation of any desired channel geometry at the
end of the channels. Both those features are highly ad-
vantageous for precision control of monodispersity of
droplets. Scaling up of the step emulsification channels
allows producing monodisperse emulsions in the order
oftons per year, bringing microfluidics closer to industrial
applications.

[0017] Microfluidic step emulsification devices can be
embedded in polymeric platforms such as for example
in polydimethylsiloxane (PDMS) or polymethylmethacr-
ylate (PMMA), or in metallic or ceramic materials. For
example, it is possible to produce microfluidic step emul-
sification devices in glass. Such glass devices combine
the thermal, chemical, and mechanical stability of the em-
bedding material with the advantages given by step emul-
sification. Microfluidic glass chips are produced using a
simple and efficient method comprising photolithograph-
ic and etching steps. Photolithography allows for imple-
menting any desired channel geometry up to a resolution
of 1-2 um.

[0018] In certain embodiments, the front side and the
back side extend perpendicular to the layers of the stack.
Therein, in particular, in case the channels are parallel,
the front side and the back side of the stack extend per-
pendicular to the longitudinal axis.

[0019] In certain embodiments, the channels are ar-
ranged at an angle of 60° to 120°, particularly 90°, in
respect of the front side and the back side.

[0020] In certain embodiments, the channels are
closed in a direction perpendicular to the extension of
the layers.

[0021] Incertain embodiments, each channel compris-
es a respective aspect ratio between a length of the re-
spective channel along the longitudinal axis and a mini-
mum cross-sectional extension perpendicular to the lon-
gitudinal axis (aspect ratio = length / minimum cross-sec-
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tional extension), wherein the aspect ratio is 30 or more,
particularly 75 or more, more particularly 120 or more.
[0022] Therein, the aspect ratio is defined as the ratio
between the channel length and the cross-sectional
channel width or channel height, whichever is smaller (i.
e. aspectratio = channel length / channel width or aspect
ratio = channel length / channel height). The channel
width and channel height may also be equal to each other
in some embodiments, for example in channels having
a circular cross-section. In this case, the aspect ratio
would be the ratio between the length and the diameter
of the channel.

[0023] The cross-sectional extension may also vary
along the length of the channel. In this case, the aspect
ratio is defined as the ratio between the length and the
minimum of the cross-sectional extension.

[0024] Furthermore, the channels of the device ac-
cording to the invention may also extend along a curved
or bent line, or may comprise at least one corner. In this
case the length of the channel is measured along this
entire curved, bent, or corned line.

[0025] In certain embodiments, the channels are mi-
crofluidic channels.

[0026] In certain embodiments, the aspect ratio is 30
to 20000, particularly 75 to 20000, more particularly 120
to 20000.

[0027] Despite the robustness against small pressure
fluctuations, a similar pressure distribution at the droplet
makers is desirable, since this allows for a nearly 100 %
working efficiency of all the droplet makers. For this rea-
son, a highresistance of the distribution is required, which
is determined by the aspect ratio of the channels.
Through this high resistance, the pressure is similar at
every droplet maker and all the parallelized droplet mak-
ers produce droplets at a frequency in the same range.
The size of the outer continuous phase channel can
range from multiple times the size of the distribution chan-
nel to infinity, since it is independent of the droplet size.
[0028] In certain embodiments, the device comprises
100 or more channels, particularly 1000 or more chan-
nels.

[0029] In certain embodiments, the stack comprises at
least 10 layers.
[0030] Stacking up and combining n layers of such a

device in one entire device lead to a n-times higher pro-
duction rate. For example, a particular single 2D array
prototype produces monodisperse droplets at a maxi-
mum throughput of 12 ml/h, given a droplet diameter of
80 wm. By stacking-up 10 such layers, it is possible to
produce droplets at a flow rate of 120 ml/h. The produc-
tion rate strongly increases with increasing droplet diam-
eter.

[0031] In certain embodiments, each of the channels
comprises a nozzle positioned at the outlet of the respec-
tive channel, wherein the nozzle comprises a first maxi-
mum cross-sectional extension and wherein the respec-
tive channel comprises a second cross-sectional exten-
sion adjacent to the nozzle, wherein the first maximum
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cross-sectional extension is larger than the second
cross-sectional extension. In other words: the channels
spread at the nozzle, wherein in the cross-sectional ex-
tension increases at the nozzle.

[0032] In certain embodiments, the nozzles have a tri-
angular shape when viewed in a cross-section parallel
to the layers of the device.

[0033] In certain embodiments, the nozzles are
wedge-shaped.
[0034] The droplets are formed by the following mech-

anism: The dispersed phase flows through the distribu-
tion channel to a nozzle, where at their end it gets emul-
sified. In particular, the nozzle is a triangular reservoir at
the end of the distribution channels. The rapid liquid
transfer from the nozzle to the continuous phase reser-
voir causes a narrow liquid neck formation. Rayleigh pla-
teau instabilities occurring at the narrow neck leads to
the droplet formation at the step of the nozzle (F. Dutka,
A. S. Opalski, P. Garstecki, Lab on a Chip 2016, 16,
2044). When reaching the step at the end of the nozzle,
the pressure gradient of the disperse phase in and out-
side of the nozzle detaches a droplet without external
force. Such a nozzle is advantageous, as it decouples
the flow rates from the emulsification process. A main
advantage of step emulsification with a nozzle design
over other emulsification techniquesis theindependence
of the applied flow rate of the dispersed phase under a
critical maximal flow rate. Additionally, the droplet size is
also independent of the continuous flow conditions, even
at stagnant flow conditions. In contrast, the mean droplet
size mainly depends on the channel geometry. This prop-
erty makes step emulsification attractive for paralleliza-
tion, since small pressure fluctuations in the different
channels do not affect the size distribution of the pro-
duced droplets.

[0035] A further advantage of the device according to
the invention is the possibility to implement high aspect
ratio channels and to combine them with a specialized
geometry, as, for example, the triangular nozzle. The
combination of the high aspect ratio channels together
with the triangular nozzle at their end allows to decouple
the droplet size from the applied flow rates and ensures
an almost 100 % working efficiency of the device.
[0036] In certain embodiments, each of the channels
comprises a funnel positioned at the inlet of the respec-
tive channel, wherein the funnel comprises a second
maximum cross-sectional extension and wherein the re-
spective channel comprises a third cross-sectional ex-
tension adjacent to the funnel, wherein the second max-
imum cross-sectional extension is larger than the third
cross-sectional extension.

[0037] In certain embodiments, the funnels have a tri-
angular shape when viewed in a cross-section parallel
to the layers of the device.

[0038] Incertain embodiments, the funnels are wedge-
shaped.

[0039] In certain embodiments, the channels are par-
allel.
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[0040] Incertain embodiments, the cross-sectional ex-
tension (i.e. the diameter) of the channels is 200 um or
less, particularly 50 wm or less, more particularly 25 pm
or less, most particularly 10 um or less.

[0041] Incertain embodiments, the device further com-
prises a first reservoir or conduit which is in flow connec-
tion with the inlets of the channels and a second reservoir
or conduit which is in flow connection with the outlets of
the channels.

[0042] In certain embodiments, the device comprises
at least one additional reservoir or conduit, wherein the
device comprises a plurality of first channels connecting
the first reservoir or conduit to the at least one additional
reservoir or conduit, and wherein the device comprises
a plurality of second channels connecting the atleastone
additional reservoir or conduit to the second reservoir or
conduit.

[0043] The device according to the present invention
allows for the emulsification in open reservoir systems,
in closed flowing systems or, if combined in series, for
the generation of multiple emulsions. In particular, the
device is fed with the dispersed phase over a single ex-
ternal force. This forces the fluid, a liquid or a gas, to
reach the outlets at the end of the channels of the device,
where it gets emulsified. The liquid or gaseous droplets
can be carried away due to gravity in an open reservoir
with a stagnant continuous phase.

[0044] Depending on a heavier or a lighter dispersed
phase density compared to the continuous phase, the
entire system can be mounted upside down or bottom-
up. If a rapid transportation of the emulsion is required,
the devices can be mounted into a closed flowing system,
in which the continuous phase is flowed around, collects
the produced droplets and transports them over an outlet
to a collection chamber.

[0045] Combining two devices in series allows for the
production of double emulsions. Double emulsions are
droplet within droplets, which are highly attractive for the
production of microcapsules as protection of the inner
phase. Here, the first device produces single emulsions,
which are then directly re-injected into the second device,
where the second emulsification step occurs.

[0046] A second aspect of the invention relates to a
method for generating droplets of a dispersed phase in
a continuous phase using a device according to the first
aspect, wherein a flow of the dispersed phase from the
inlets through the outlets of the channels into the contin-
uous phase is provided, and wherein a plurality of drop-
lets of the dispersed phase is formed in the continuous
phase.

[0047] In certain embodiments, the dispersed phase
is provided in the first reservoir or conduit, wherein the
continuous phase is provided in the second reservoir or
conduit, and wherein a flow of the dispersed phase
through the channels into the continuous phase is gen-
erated.

[0048] In certain embodiments, a flow of a dispersed
inner phase from inlets through respective outlets of a
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plurality of first channels of the device into a dispersed
middle phase is provided, wherein a plurality of first drop-
lets of the dispersed inner phase is formed in the dis-
persed middle phase, and wherein a flow of the dispersed
middle phase containing the first droplets from inlets
through respective outlets of a plurality of second chan-
nels of the device into the continuous phase is provided,
wherein a plurality of second droplets of the dispersed
inner phase and the dispersed middle phase is formed
in the continuous phase.

[0049] In certain embodiments, a dispersed inner
phase is provided in the first reservoir or conduit, wherein
at least one dispersed middle phase is provided in the at
least one additional reservoir or conduit, and wherein a
flow of the dispersed inner phase through the first chan-
nels into the at least one dispersed middle phase is gen-
erated, and wherein a flow of the at least one dispersed
middle phase through the second channels into the con-
tinuous phase is generated.

[0050] Advantageously, this allows to produce double
emulsions.

[0051] Athird aspect of the invention relates to a meth-
od for fabricating a device according to the first aspect,
wherein a plurality of layers of a substrate material is
provided, and wherein a plurality of grooves is generated
in a respective first side of each layer, and wherein a
stack is formed from the layers, such that said first side
of each respective layer contacts a respective second
side of an adjacent layer, such that the plurality of chan-
nels is formed, wherein the layers of the stack are con-
nected, particularly bonded to each other.

[0052] In certain embodiments, the grooves in the first
sides of the layers are generated by means of photoli-
thography and subsequent etching.

[0053] The device according to the invention can be
realized for example as a photolithographically etched,
stacked up membrane with high aspect ratio channels.
A first step of the respective fabrication method consists
of producing multiple, individual 2D-arrays of linearly par-
allelized step emulsification channels with a high aspect
ratio and a nozzle, for example a triangular nozzle. In a
second step, those arrays are vertically stacked-up and
hermetically-sealed in a bonder aligner at high temper-
atures. Following those ideas, a device according to the
invention can be produced using photolithography, wet-
etching, stacking, and bonding in glass.

[0054] The invention is further described by the follow-
ing examples and figures, from which additional embod-
iments may be drawn.

Fig. 1  shows a perspective view of a part of a device
according to the invention comprising a stack
of layers comprising channels;

Fig. 2 shows a schematic representation of a device
according to the invention;

Fig. 3  shows a schematic of the formation of a droplet
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in a channel of the device according to the in-
vention;
Fig.4 shows a perspective view of a channel of the
device according to the invention;

shows differentembodiments of channels of the
device according to the invention comprising
nozzles of different geometries;

Fig. 5

Fig. 6  shows a schematic representation of manufac-
turing processes of parts of devices according
to the prior art (a) and the present invention (b);
Fig. 7  shows an embodiment of the device according
to the invention designed as an open reservoir
system;

Fig. 8  shows an embodiment of the device according
to the invention designed as a closed flowing
system;

Fig. 9  shows an embodiment of the device according
to the invention adapted for double emulsion
generation.

[0055] Figure 1 shows a perspective view of a part of
a device 1 according to the invention comprising a stack
of layers 10 comprising channels 20. The layers 10 con-
stitute individual arrays of parallelized distribution chan-
nels 20. As illustrated in Figure 1, the layers 10 can be
stacked-up and bonded (for example thermally) for the
production of a three-dimensional device 1 resulting in a
microfluidic brush emulsifier.

[0056] Therein, the layers 10 each comprise afirst side
101 comprising recesses 103, and a second side 102
opposing the first side 101. In the stack 100, the first side
101 of each layer 10 is covered by a second side 102 of
an adjacent layer 10 stacked on top of the layer 10. As
a result, the recesses 103 are covered by the second
side 102, such that the channels 20 are formed.

[0057] The final stack 100, obtained by stacking and
connecting the layers 10, comprises a front side 104 and
a back side 105, perpendicular to the layers 10 and in
the depicted embodiment also perpendicular to the lon-
gitudinal axis L, that is perpendicular to the extension of
the channels 20. Inlets 201 of the channels 20 are posi-
tioned on the back side 105, and outlets 202 of the chan-
nels 20 are positioned on the front side 104.

[0058] Figure 2 shows a cross-sectional view of a layer
10 (see Figure 1) of a device 1 for generating droplets
30 of a dispersed phase D in a continuous phase C ac-
cording to the presentinvention. The device 1 is connect-
ed to afirst reservoir 11 (for example in case of an open
reservoir system) or first conduit 11 (for example in case
of a closed flowing system) which is in flow connection
with a second reservoir 12 (for example in case of an
open reservoir system) or second conduit 12 (for exam-
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ple in case of a closed flowing system) by means of a
plurality of channels 20 of the device 1. For simplicity,
only two channels 20 are depicted in Figure 2, but the
number of channels 20 may be much higher (see also
Fig. 1), for example several thousand.

[0059] The channels 20 extend from respective inlets
201 along a respective longitudinal axis L to respective
outlets 202. According to the embodiment depicted in
Figure 2, the channels 20 are parallel to each other. How-
ever, other embodiments are possible within the scope
of the present invention, in which the channels 20 are
non-parallel and/or have different shapes (for example
are bent or curved).

[0060] Furthermore, the channels 20 have arespective
length | along the longitudinal axis L and a minimum
cross-sectional extension e, perpendicular to the lon-
gitudinal axis L, which is equal to the width w in the de-
picted example, wherein the width w extends in the plane
of the respective layer 10, perpendicular to the longitu-
dinal axis L.

[0061] In other embodiments, the minimum cross-sec-
tional extension e, may be equal to a height h of the
respective channel 20, wherein the height h is measured
along a direction which is perpendicular to the width w
and the longitudinal axis L. The width w may also be
equal to the height h in some embodiments. An aspect
ratio a of the channels 20 is defined as the ratio of the
length | and the minimum cross-sectional extension e,
(in this case the width w).

[0062] In the embodiment depicted in Figure 2, the
channels 20 comprise a section, in which the cross-sec-
tional extension is constant (equal to the minimum cross-
sectional extension e;,), and a nozzle 21 positioned at
or near the respective outlet 202, in which the cross-sec-
tional extension increases. The nozzle 21 is in flow con-
nection with the second reservoir or conduit 12 and com-
prises a first maximum cross-sectional extension e per-
pendicular to the longitudinal axis L, and a second cross-
sectional extension e, adjacent to the nozzle 21, that is
at the connection between the nozzle 21 and the remain-
ing channel 20, wherein the first maximum cross-section-
al extension e, is larger than the second cross-sectional
extension e,. In the example shown in Figure 2, the noz-
zle 21 is wedge-shaped (see also description of Figure
5A). Other examples of shapes are depicted in Figures
5B to 5H.

[0063] When a dispersed phase D, for example a hy-
drophobic substance such as an oil, is provided in the
first reservoir or conduit 11, a continuous phase C, for
example an aqueous phase, is provided in the second
reservoir or conduit 12, and a pressure difference is pro-
vided between the first reservoir or conduit 11 and the
second reservoir or conduit 12 (the dispersed phase D
in the first reservoir or conduit 11 having a greater pres-
sure than the continuous phase C in the second reservoir
or conduit 12), a flow of the dispersed phase D through
the channels 20 from the inlets 201 to the outlets 202 is
generated, and droplets 30 of the dispersed phase D are
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formed at or near the respective outlets 202 upon mixing
of the dispersed phase D and the continuous phase C at
the connection orin the vicinity of the connection between
the channels 20 and the second reservoir or conduit 12,
that is at or in the vicinity of the respective outlets 202.
[0064] When nozzles 21 are present at the outlets 202
of the channels 20, the rapid liquid transfer from the noz-
zle 21 to the second reservoir or conduit 12 causes a
narrow liquid neck formation, and Rayleigh plateau in-
stabilities occurring at the narrow neck lead to droplet 30
formation at the step of the nozzle 21. This mechanism
advantageously uncouples droplet 30 size from flow rate
of the dispersed phase D.

[0065] Without wishing to be bound by theory, due to
the high aspect ratio a (thus due to the great length of
the channels 20 compared to their width w and/or height
h), the flow resistance of the channels 20 is high enough
to generate a flow of the dispersed phase D in almost all
channels 20, such that droplets 30 are formed by almost
all channels 20. This advantageously increases the
amount of droplets 30 produced per unit of time. When
using channels 20 of lower aspect ratio a, such as in
devices of the prior art, only a small fraction of the chan-
nels 20 generate droplets 30 as a result of a heteroge-
neous pressure distribution of the dispersed phase D.
[0066] Figure 3 schematically illustrates the formation
of a droplet 30 in the nozzle 21 of the channels 20. As
shown, the dispersed phase D is flowed through the shal-
low distribution channel 20 over a wedge-shaped nozzle
21 to the second reservoir or conduit 12 containing the
continuous phase C. The distribution channel 20 has a
high aspect ratio a (ratio between length | and height h
in this case).

[0067] The working principle of the device 1 according
to the invention is step emulsification, in which the dis-
persed phase D is flowing to the nozzle 21 (Figure 3A),
drawn out over a step 24 into the second reservoir or
conduit 12 due to a Laplace pressure difference between
the nozzle and the continuous phase reservoir (Figure
3B), and finally emulsification (Figure 3C).

[0068] Figure 4 shows a perspective view of an exam-
ple of a channel 20 of the device 1 according to the in-
vention. The channel 20 has a rectangular cross-section
in respect of the longitudinal axis L, wherein the height
h is the minimal cross-sectional extension e,,. The
channel 20 further comprises awedge-shaped nozzle 21.
[0069] Figure 5 depicts schematic representations of
different configurations of the nozzle 21 of the channels
20, wherein the respective first maximal cross-sectional
extensions e4 and the respective second cross-sectional
extensions e, are indicated (see description of Figure 2
for further details).

[0070] Figure 5A shows a wedge-shaped nozzle 21,
which is limited by straight walls 22, which are arranged
at an angle a in respect of the longitudinal axis L, along
which the channel 20 extends. For example, the angle o
may be 5° to 50°. Figure 5B shows a nozzle 21 limited
by walls 22 comprising grooves 25. Figures 5C and 5D
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depict nozzles 21 limited by curved walls 22, wherein the
inner walls form a convex shape in the nozzle 21 shown
in Figure 5C and a concave shape in the nozzle 21 illus-
trated in Figure 5D. Figure 5E shows a nozzle 21 with a
rectangular cross-section. Figures 5F to 5H depict noz-
zles 21 comprising respective constrictions 23 having the
second cross-sectional extension e,, wherein the cross-
sectional extension atthe constriction 23 is reduced com-
pared to the section of the channel 20 adjacent to the
nozzle 21.

[0071] Figure 6 shows a comparison of fabrication
methods of the device 1 according to the invention by
the method according to the invention over conventional
methods of the prior art. As depicted in Figure 6a, con-
ventionally produced devices for generation of droplets
are for example processed by drilling, lasering or etching
a bulk material. This limits the device to straight holes
with a low aspect ratio a.

[0072] In contrast, the fabrication method according to
the present invention (in particular using lithography) al-
lows to implement high aspect ratio a channels 20 with
a special channel 20 geometry, since multiple layers 10
are individually processed, stacked-up and connected,
particularly bonded together.

[0073] Figures 7 to 9 illustrate different possibilities to
use the device 1 according to the invention.

[0074] Figure 7 shows a device 1 according to the in-
vention, wherein the second reservoir or conduit 12 is an
open second reservoir 12 containing the continuous
phase C. When an external pressure p is applied to the
first reservoir or conduit 11 of the device 1, for example
by means of a pump, such as a syringe pump or a pres-
sure pump, the dispersed phase D is forced through the
channels 20 of the device 1, producing droplets 30 upon
mixing with the continuous phase C. The produced drop-
lets 30 are carried away from the channel 20 exits to the
bottom of the second reservoir 12 by gravity.

[0075] Figure 8 shows a closed system with a flowing
continuous phase C. Therein, an external pressure p is
applied both to the first reservoir or conduit 11, and to
the second reservoir or conduit 12, such that a respective
flow of both the dispersed phase D and the continuous
phase C is generated. Similar to the setup of Figure 7,
the dispersed phase D flows through the channels 20 of
the device 1 (parts enclosed by the dashed line) and
forms droplets 30 upon mixing with the continuous phase
C, wherein the produced droplets 30 are flowing within
the continuous phase 30 and are collected in an external
reservoir 40.

[0076] Figure 9 shows a device 1 for the production of
multiple emulsions comprising a first reservoir or conduit
11, an additional reservoir or conduit 13, and a second
reservoir or conduit 12, wherein the first reservoir or con-
duit 11 is connected to the additional reservoir or conduit
13 by means of first channels 20a, and wherein the ad-
ditional reservoir or conduit 13 is connected to the second
reservoir or conduit 12 by means of second channels
20b. Such a system can be realized by combining mul-
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tiple brush emulsifiers in series.

[0077] Asanexample,theidea of double emulsion pro-
duction is shown, where the first produced single emul-
sions are reinjected into the second brush emulsifier and
the double emulsions are formed.

[0078] Therein, adispersedinner phase D1 is provided
in the first reservoir or conduit 11, flowed through the first
channels 20a and mixed with a dispersed middle phase
D2 in the additional reservoir or conduit 13, forming first
droplets 31. The dispersed middle phase D2 comprising
the first droplets 31 is therefore a single emulsion of the
dispersed inner phase D1 in the dispersed middle phase
D2. This single emulsion is flowed through the second
channels 20b and mixed with the continuous phase C in
the second reservoir or conduit 12. Thereby, second
droplets 32 of the dispersed inner phase D1 surrounded
by the dispersed middle phase D2 are formed in the con-
tinuous phase C, constituting a double emulsion.
[0079] A device 1 for the production of multiple emul-
sions may also be realized as a closed system with a
flowing continuous phase C and/or a flowing dispersed
middle phase D2, for example by applying an external
pressure to the first reservoir or conduit 11 and/or the
additional reservoir or conduit 13, such that a respective
flow of the continuous phase C or the dispersed middle
phase D2 is generated.

List of reference signs

Device for generating droplets 1
Layer 10
First reservoir or conduit 11
Second reservoir or conduit 12
Additional reservoir or conduit 13
Channel 20
First channel 20a
Second channel 20b
Nozzle 21
Wall 22
Constriction 23
Step 24
Groove 25
Funnel 26
Droplet 30
Single emulsion droplet 31
Double emulsion droplet 32
External reservoir 40
Stack 100
First side 101
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(continued)

Second side 102
Groove 103
Front side 104
Back side 105
Inlet 201
Outlet 202
Longitudinal axis L
Length |
Width w
Height h
Minimum cross-sectional extension €min

First maximum cross-sectional extension | e,

Second cross-sectional extension e,

Aspect ratio

Dispersed phase D
Continuous phase

Dispersed inner phase D1
Dispersed middle phase D2
Pressure p
Angle o

Claims

A device (1) for generating droplets (30) of a dis-
persed phase (D) in a continuous phase (C), com-
prising a plurality of channels (20), wherein each
channel (20) comprises an inlet (201) and an outlet
(202), and wherein each channel (20) extends from
said inlet (201) along a respective longitudinal axis
(L) to said outlet (202), so that droplets (30) of a
dispersed phase (D) can be generated in a continu-
ous phase (C) at said outlets (202) when a flow of
said dispersed phase (D) from said inlets (201) to
said outlets (202) is provided and said outlets (202)
are in flow connection with a reservoir or conduit con-
taining said continuous phase (C),

characterized in that

said device (1) comprises a plurality of layers (10)
of a substrate material arranged in a stack (100),
wherein each layer (10) comprises a first side (101)
and a second side (102), wherein the first side (101)
faces away from the second side (102), and wherein
the first side (101) of each layer (10) comprises a
plurality of grooves (103), wherein the grooves (103)
of each first side (101) are covered by a second side
(102) of an adjacent layer (10), such that said plu-
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10.

rality of channels (20) is formed, wherein the inlets
(201) are arranged on a front side (104) of the stack
(100) and the outlets (202) are arranged on an op-
posing back side (105) of the stack (100).

The device (1) according to claim 1, characterized
in that said front side (104) and said back side (105)
extend perpendicular to the layers (10) of the stack
(100).

The device (1) according to claim 1 or 2, character-
ized in that each channel (20) comprises a respec-
tive aspect ratio (a) between a length (1) of the re-
spective channel (20) along said longitudinal axis (L)
and a minimum cross-sectional extension (e ;) per-
pendicular to said longitudinal axis (L), wherein said
aspectratio (a) is 30 or more, particularly 75 or more,
more particularly 120 or more.

The device (1) according to one of the preceding
claims, characterized in that said aspect ratio (a)
is 30 to 20000, particularly 75 to 20000, more par-
ticularly 120 to 20000.

The device (1) according to one of the preceding
claims, characterized in that the device (1) com-
prises 100 or more channels (20), particularly 1000
or more channels (20).

The device (1) according to one of the preceding
claims, characterized in that said stack (100) com-
prises at least 10 layers (10).

The device (1) according to one of the preceding
claims, characterized in that each of the channels
(20) comprises anozzle (21) positioned at said outlet
(202) of the respective channel (20), wherein said
nozzle (21) comprises a first maximum cross-sec-
tional extension (eq) and wherein the respective
channel (20) comprises a second cross-sectional ex-
tension (e,) adjacent to said nozzle (21), wherein
said first maximum cross-sectional extension (e,) is
larger than said second cross-sectional extension

(&)

The device (1) according to one of the preceding
claims, characterized in that the channels (20) are
parallel.

The device (1) according to one of the preceding
claims, characterized in that the cross-sectional
extension of the channels (20) is 200 wm or less,
particularly 50 wm or less, more particularly 25 pm
or less, most particularly 10 wm or less.

The device (1) according to one of the preceding
claims, characterized in that the device (1) further
comprises a first reservoir or conduit (11) which is in
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12.

13.

14.

15.
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flow connection with said inlets (201) of said chan-
nels (20) and a second reservoir or conduit (12)
which is in flow connection with said outlets (202) of
said channels (20).

The device (1) according to claim 10, characterized
in that said device (1) comprises at least one addi-
tional reservoir or conduit (13), wherein said device
(1) comprises a plurality of first channels (20a) con-
necting said first reservoir or conduit (11) to said at
least one additional reservoir or conduit (13), and
wherein said device (1) comprises a plurality of sec-
ond channels (20b) connecting said at least one ad-
ditional reservoir or conduit (13) to said second res-
ervoir or conduit (12).

A method for generating droplets (30) of a dispersed
phase (D) in a continuous phase (C) using a device
(1) according to one of the claims 1 to 11, wherein
a flow of said dispersed phase (D) from said inlets
(201) through said outlets (202) of said channels (20)
into said continuous phase (C) is provided, and
wherein a plurality of droplets (30) of said dispersed
phase (D) is formed in said continuous phase (C).

The method according to claim 12, wherein a flow
of a dispersed inner phase (D1) from inlets (201)
through respective outlets (202) of a plurality of first
channels (20a) of the device (1) into a dispersed mid-
dle phase (D2) is provided, wherein a plurality of first
droplets (31) of the dispersed inner phase (D1) is
formed in the dispersed middle phase (D2), and
wherein a flow of the dispersed middle phase (D2)
containing said first droplets (31) from inlets (201)
through respective outlets (202) of a plurality of sec-
ond channels (20b) of the device (1) into said con-
tinuous phase (C) is provided, wherein a plurality of
second droplets (32) of said dispersed inner phase
(D1) and said dispersed middle phase (D2) is formed
in said continuous phase (C).

A method for fabricating a device (1) according to
one of the claims 1to 11, wherein a plurality of layers
(10) of a substrate material is provided, and wherein
a plurality of grooves (103) is generated in a respec-
tive first side (101) of each layer (10), and wherein
a stack (100) is formed from said layers (10), such
that said first side (101) of each respective layer (10)
contacts a respective second side (102) of an adja-
cent layer (10), such that said plurality of channels
(20) is formed, wherein said layers (10) of said stack
(100) are connected, particularly bonded to each oth-
er.

The method according to claim 14, wherein said
grooves (20) in said first sides (101) of said layers
(10) are generated by means of photolithography
and subsequent etching.
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